A method for precise determination of 207 Pb/ 206 Pb and 206 Pb/ 238 U ratios of zircon was developed, using an ICP-MS with 213 nm Nd-YAG laser ablation system. Compared with the conventional 266 nm laser, the 213 nm laser has advantages of high absorption of energy and effective reduction of U-Pb elemental fractionation. The maximum fractionation during the first 80 seconds is about 1.3 times the initial value. In addition, by using a linear fit of 206 Pb/ 238 U ratios acquired during a depth profile analysis, U-Pb elemental fractionation can be further corrected and the precision of 206 Pb/ 238 U ratio measurement is improved to around 3% (2σ).
Nd:YAG laser (266 nm), but it sacrificed spatial resolution (Li et al., 2001) . Bruguier et al. (2001) improved the precision of spot 206 Pb/ 238 U ratio measurement to around 5% (2σ), using the same type of laser system. A great improvement has been recently made by Horn et al. (2000) who successfully achieved a precision of 2% (2σ) for 206 Pb/ 238 U analysis, by applying simultaneous solution nebulization technology and utilizing an ultraviolet laser system (excimer, 193 nm) . More recently, Hirata (2003) developed a new chemically assisted laser ablation technique (excimer, 193 nm laser system) and successively improved the analytical repeatability and precision of the elemental ratio measurement. It seems that most elements can be liberated from a sample with about same efficiency owing to the strong absorption at 193 nm wavelength (Horn et al., 2000) . The above studies show that absorption of laser energy depends on laser wavelength, which is the main factor controlling the elemental fractionation (Machado and Simonetti, 2001) . The high absorption efficiency suggests that the 193 nm excimer laser system has a great potential for zircon dating, however, strong absorption at this wavelength may extend to most substances, even for those commonly used optical material. This means that beam delivery and control of this wavelength may be difficult and expensive. The solid-state UV laser systems have distinct advantages over the excimer laser system in terms of their compact size and ease of maintenance. In this study, we investigate the U-Pb inter-elemental fractionation during spot zircon U-Pb analysis, using a frequency-quintupled Nd:YAG 213 nm UV laser, and demonstrate that inter-elemental fractionation is much smaller than that induced by 266 nm laser sys-
INTRODUCTION
Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) was firstly applied to U-Pb zircon geochronology in the early 1990's (Feng et al., 1993; Fryer et al., 1993) . Further improvement and application of this fast and relatively low-cost technique have been made in the last decade (Hirata and Nesbitt, 1995; Scott and Gauthier, 1996; Horn et al., 2000; Li et al., 2001; Bruguier et al., 2001) .
207 Pb/ 206 Pb ages for Precambrian zircons can be determined relatively precisely and easily by this technique, but dating young zircons (<1000 Ma) remains as a problem, since their age determination largely relies on measurements of 206 Pb/ 238 U ratios, and the inter-elemental fractionation induced by ablation, transport and excitation processes is a problem for this technique (Longerich et al., 1996; Outridge et al., 1997; Guillong and Günther, 2002; Jackson and Günther, 2003) . Efforts on suppression and correction of such a fractionation have been made in some previous studies. Hirata and Nesbitt (1995) obtained 206 Pb/ 238 U ratios with a precision of less than 40% (2σ) by using an active focusing technique, and the precision was further improved to about 10% (2σ) when the soft-ablation technique was developed (Hirata, 1997) . However, this is still not satisfactory for geological applications. Precision of 0.8-5% (2σ) for 206 Pb/ 238 U determination was obtained by using continuous linear ablation with a quadrupled tem, at a level comparable with that of 193 nm excimer laser system.
EXPERIMENTAL

Instrumentation and operating conditions
A VG PQExcel quadrupole ICP-MS at the University of Hong Kong was employed in this study. With a standard concentric nebulizer and spray chamber, this instrument commonly gives a sensitivity of >5 × 10 5 cps for 1 ng/g solution of 103 Rh. The ICP-MS was equipped with a frequency-quintupled Nd:YAG 213 nm UV laser, which is capable of ablation at a pulse between 1 and 20 Hz and the ablation size can be set from 5 µm to 400 µm. The operating conditions for this study are summarized in Table 1 .
Gaseous ablation medium
Ablation was performed in Ar ambience that transports the ablated sample particles to the ICP. The interelemental fractionation was examined using NIST SRM 610, a silicate glass standard provided by the National Institute of Standards and Technology of USA. As shown in Fig. 1 , 206 Pb/ 238 U ratio increases significantly with the flow rate of both auxiliary gas and carrier gas, in contrast to the slight variation of 207 Pb/ 206 Pb (1~2%). Therefore, the gas flow rates were adjusted to achieve a minimum elemental fractionation instead of obtaining the maximum signal intensity. When the auxiliary gas flow rate was set at 0.98 l/min, the fractionation index was around 1 and the signal intensities were still near to their highest values. Carrier gas exerts a greater influence than auxiliary gas on both the elemental fractionation and the signal intensity. The maximum of signal intensity was achieved when the flow rate was set between 0.96 l/min and 1.02 l/ min and it drops significantly outside this range. The fractionation index increases dramatically when the flow rate is more than 1.0 l/min. In this study, the carrier gas flow rate was set at 1.0 l/min.
Sample preparation
Four zircon samples from different geological environments with ages ranging from 2500 Ma to 760 Ma were chosen for this study. These samples have been previously dated by either TIMS (thermal ionization mass spectrometry) or SHRIMP (sensitive high resolution ion microprobe) technology. The zircon grains were loaded onto an epoxy mount. After well polished, the mounts were then carefully washed with ionized water and alcohol. The standard zircon 91500 was used as an external calibration sample for evaluating the magnitude of mass bias and inter-elemental fractionation. The reference values of the standards and "unknown" samples are given in Table 2 .
Data acquisition
Prior to data acquisition, operating conditions such as torch position and lens settings were tuned to maximize the intensity of 207 Pb by ablating NIST SRM 610. All measurements were carried out in a peak-jumping mode. The samples were pre-ablated for 10 seconds before measurement with lower defocused power (30% output, about 0.1 mJ/pulse) to eliminate common lead contamination on sample surfaces. In order to correct isobaric interference of 204 Hg on 204 Pb, 202 Hg was monitored. Typical acquisitions included a 15 seconds measurement of gas blank during the laser warm-up time. All analyses in this study yielded a 204 (Pb + Hg) intensity lower than the limitation of determination, typically <100 counts per second, and thus the common lead correction was unnecessary.
207 Pb/ 206 Pb ratio measurements A series of 207 Pb/ 206 Pb ratio measurements was performed on the NIST SRM 610 and natural zircon crystals 91500 and CN92-1. Results are presented in Fig. 2 . The NIST SRM 610 gave a weighted mean 207 Pb/ 206 Pb ratio of 0.9416 ± 0.0018 (2σ), which is 3.5% higher than the reference value of 0.9095 (Walder et al., 1993) . The zircon standard 91500 gave a weighted mean 207 Pb/ 206 Pb ratio of 0.08101 ± 0.00068 (2σ), which is 8.1% higher than the reference value of 0.07488 (Wiedenbeck et 206 Pb ratio of 0.08391 ± 0.00037 (2σ), which is 7.8% higher than the reference value of 0.07784 (Feng et al., 1993) . The above data indicate that (1) 207 Pb/ 206 Pb measurements by this technique result in different mass biases for glass and zircon crystals, which may be attributed to matrix effect, and (2) zircon crystals may have similar mass bias in 207 Pb/ 206 Pb and therefore it can be corrected by using an external zircon standard. Noticeably, the mass discrimination is larger than previously reported (Hirata and Nesbitt, 1995; Bruguier et al., 2001 ). As discussed above, all the Fig. 1 Walder et al. (1993) . instrument parameters were adjusted to reduce Pb-U elemental fractionation, and to achieve maximum of 207 Pb signal. Because mass discrimination varies with gas flow rate, settings chosen in this study may not ideal for reducing 207 Pb- 206 Pb discrimination. However, the external zircon standard 91500 can effectively correct mass bias of 207 Pb/ 206 Pb for unknown zircon samples in this study. 206 Pb/ 238 U ratio measurements U-Pb fractionation is mainly generated at the site of ablation, sample transport, and partial volatilization and ionization of large particles in the ICP (Longerich et al., 1996; Outridge et al., 1997; Guillong and Günther, 2002; Jackson and Günther, 2003) . It has remained as one of the fundamental stumbling blocks in obtaining high precision U-Pb analysis by LA-ICP-MS. Because uranium 
(2σ). Comparison with the reference value of 0.9095 indicates a mass bias of 3.5%; (b) zircon standard 91500, mean value = 0.08101 ± 0.00068 (2σ). Comparison with the reference value of 0.07488 indicates a mass bias of 8.1%; (c) zircon crystal CN92-1, mean value = 0.08391 ± 0.00037 (2σ). Comparison with the reference value of 0.07784 indicates a mass bias of 7.8%. Error bars represent 2σ. Horizontal lines represent the mean values.
and lead behave differently during these processes, U-Pb ratios evolve with ablation time. Figure 3 shows the evolution of 206 Pb/ 238 U ratio against time for laser experiment performed on the NIST SRM 610 with a spot size of 40 µm, where each ratio is the average data collected in 2 seconds. The ratio regularly increases with time during the first 80 seconds' measurement. Analysis afterward shows that it reverses the sense of the fractionation after about 130 seconds (i.e., about 1300 pulses), which is similar to that observed on the excimer system (Eggins et al., 1998) . The maximum fractionation in this study is about 1.3 times the initial value, much less than that observed on Nd:YAG 266 nm system under the similar operating conditions (i.e., about 4 times, Bruguier et al., 2001) . Although Tiepolo (2003) reported that the data obtained by 213 nm laser can be statistically equivalent to those obtained by 266 nm laser coupled with a sector field mass spectrometry, the above results show that significant difference between these two laser systems on elemental fractionation can occur. Jeffries et al. (1998) reported that absorbance for calcite at 213 nm is about 1.6 times that at 266 nm. This indicates that the Nd:YAG UV (213 nm) laser ablation system can effectively reduce the incidence of catastrophic ablation due to its higher absorption, and produce a higher volume of transportable particulates. Therefore it gives longer, flatter and higher intensity signals, compared with the conventional 266 nm laser ablation. This allows us to prolong the analysis to 80 seconds and obtain more data; consequently, higher precision (around 3%, 2σ) is achieved. In this study, the standard and "unknown" zircons also show linear evolution in the first 80 seconds' measurement of 206 Pb/ 238 U (Fig. 3) . Therefore, we applied a linear regression (Horn et al., 2000) to the data obtained in the first 80 seconds, the slope of the linear fit normalized to the average value of Pb-U ratio defines the magnitude of 206 Pb/ 238 U fractionation, and the intercept provides the "true" ratio at the initial stage of ablation and is considered as the ratio free of inter-elemental fractionation. In this study, the normalized slopes of the linear fit of Pb-U ratio for NIST 610, zircon standard 91500 and zircon sample JP33 are 0.0054, 0.0043 and 0.0024 respectively. This sample-to-sample variety on degree of elemental fractionation is due to their different ablation speed and consequently different ablation depth. The ablation speed is dependent on the hardness of the sample (Li et al., 2001) . The transparency of the sample is another cause, which influences the laser optical penetration (Russo et al., 2000) . The data are then further corrected by a factor derived from the comparison of the intercept obtained from the standard zircon (91500) with its reference value.
RESULTS
Sample CN92-1 CN92-1 is a large zircon crystal separated from a skarn in the Grenville Province, Canada. It was chosen as a standard in previous LA-ICP-MS analyses (Feng et al., 1993) . Four analyses of this sample by TIMS method yielded an average 207 Pb/ 206 Pb age of 1143 ± 2 Ma and ten spot analyses by LA-ICP-MS gave an average of 207 Pb/ 206 Pb of 0.07822 ± 0.0010 (2σ), corresponding to an age of 1152 ± 24 Ma (Feng et al., 1993) . A large fragment (13 mm × 4 mm × 3 mm) of this sample was used in this study and 26 measurements were performed along a 13 mm traverse. The 207 Pb/ 235 U and 206 Pb/ 238 U ratios show large variations for this zircon, but the data define a linear line intersecting with the concordia at 1144 ± 13 Ma (Fig. 4) . The 207 Pb/ 206 Pb ratios are within one population, giving a weighted mean ratio of 0.07770 ± 0.00051 (2σ), corresponding to 1139 ± 13 Ma. Nine analytical spots show less than 5% disconcordance and give a concordant age of 1131 ± 11 Ma ( 
Sample lhm
Zircons from this sample are widely used as a zircon standard in China. It has been analyzed by TIMS and yielded a 207 Pb/ 206 Pb ratio of 0.1084 ± 0.00006 (2σ), corresponding to an age of 1772 ± 2 Ma (2σ) (Xu et al., 1999) . Laser ablation analysis for this sample was performed on 20 individual crystals ( (Fig. 5) . Noticeably, almost half of the data were plotted above the Concordia. Annealing of radiation damage generated in α-decay is a common phenomenon, metamictisation may have taken place in the sample because this sample contains relatively high uranium (more than 1000 ppm), which makes labile Pb concentrated in amorphous microdomains (Wiedenbeck, 1995) . Other causes for the reverse discordance include U loss (Harrison et al., 1987) , or analytical aberration due to difference between a high U sample and a low U standard (e.g., Black et al., 1991) . This reverse discordance is also seen in many SHRIMP analyses (e.g., Guan et al., 2002) 
Sample JP33
Sample JP33 is a syenite collected from Jinping, Yunnan Province of China. Sixteen zircon analyses for this sample were previously conducted by a SHRIMP instrument, giving an upper intercept age of 765.1 ± 9.3 Ma (Wang, unpublished). The results show that the zircons are homogeneous and form a single population, with the weighted mean 207 Pb/ 206 Pb ratio of 0.06447 ± 0.00016 (2σ) and the weighted mean 206 Pb/ 238 U ratio of 0.1258 ± 0.0045 (2σ) (Wang, unpublished) . This study analyzed sixteen zircon spots by laser ablation. Data are presented in Table 3 and Fig. 6 . Results of this study give a weighted mean 207 Pb/ 206 Pb ratio of 0.06493 ± 0.00041 (2σ) and a weighted mean 206 Pb/ 238 U ratio of 0.1241 ± 0.0025 (2σ), within 0.7% and 1.4% of SHRIMP data, respectively. Eleven of the sixteen analytical spots are less than 5% discordance and give a weighted mean of concordant age of 761 ± 15 Ma (Table 3 ). In spite of its slightly lower precision, all the new results are consistent with the SHRIMP data, clearly showing the reliability of this technique.
Sample FP224
FP224 was collected from a granitic pegmatite dike in the Fuping area, Shanxi Province of China. Zircons from this sample have been analyzed by the SHRIMP technique, which gave an upper intercept age of 2507 ± 11 Ma (Zhao et al., 2002) . The results of twenty spot analyses by laser ablation ICP-MS were presented in Table 3 . Although most of the data points are not concordant, all the data are strongly correlated and well define a discordant line with an upper intercept age of 2513 ± 23 Ma (Fig.  7) , consistent with the SHRIMP result.
CONCLUSIONS
This paper reports a successful application of a frequency quintupled Nd:YAG UV (213 nm) laser ablation-ICP-MS to U-Pb zircon dating. Compared with the 266 nm laser system, the Nd:YAG UV (213 nm) laser ablation system greatly reduces U-Pb elemental fractionation, the maximum fractionation during the first 80 seconds is about 1.3 times the initial value. The results of this study show that this instrumentation can be successfully used to determine 207 Pb/ 206 Pb and 206 Pb/ 238 U ratios for a variety of zircons with ages ranging from 760 to 2500 Ma.
